Land cover monitoring is a major task for remote sensing. Compared to traditional methods of forests monitoring which mostly use orthophotography from satellites or aircraft, there is very little research on the use of 3D canopy structure to monitor forest growth. Unmanned aerial vehicle (UAV) aerial could be a novel and feasible platform to generate more timely and high resolution forest 3D canopy images. In spring, the forest is supposed to experience rapid growth. In this research, we used a small UAV to monitor campus forest growth in spring at 2-day intervals. Each time, 140 images were acquired and the ground surface dense point cloud was reconstructed at high precision. Excess Green indexes (ExG) was used to extract the green canopy points. The segmented point cloud was triangulated using the greedy projection triangulation method into a mesh and its area was calculated. Forest canopy growth was analyzed at three levels: forest level, selected group level and individual tree level. A logistic curve was used to fit the time series canopy growth. Strong correlation was found R 2 = 0.8517 at forest level, R 2 = 0.9652 at selected group level and R 2 = 0.9606 at individual tree level. Moreover, high correlation was found between canopies. By observing these results, we can conclude that the ground 3D model can act as a useful data type to monitor forest growth. Moreover UAV aerial remote sensing has advantages when monitoring forests in periods when the ground vegetation is growing and changing fast.
Introduction
Remote sensing has been accepted as an important and effective method in forest monitoring since it can cover a large area in a short time without going into the forest. Governments seek technological improvements to increase the speed and cost efficiency of conducting inventories while simultaneously increasing the precision and timeliness of an ever-widening array of estimates. The advent of low cost, widely available, remotely sensed data has been the basis for many of the important recent technological improvements. Remotely sensed data have not only contributed to increasing the speed, cost efficiency, precision, and timeliness associated with inventories, but they have facilitated construction of maps of forest attributes with spatial resolutions and accuracies that were not feasible even a few years ago. Researchers have used different remote sensing methods on many platforms for tree mortality [1] , above-ground biomass [2] , forest inventory [3] , tree height [4] , time series analysis [5] , forest carbon dynamics [6] , and seasonal variation evaluation [7] . Satellite-based remote sensors have high temporal and global coverage. However, space-borne remote sensing platforms have their own limitations. One cannot expect data to be acquired on specific dates or at a specific time. Data acquisition depends upon the satellite's revisit or temporal resolution. If the satellite sensors do not operate in microwave wavelengths, obtaining cloud-free data is yet another challenge [8] . The improvement of satellite sensor spatial resolutions has led to higher definition. (From originally 30 m of LandSat-4 to current sub-meter level). However, the price of this sub-meter resolution data (e.g., Geo Eye and World View) is too high for wide area monitoring. These limitations can easily be overcome by the use of unmanned aerial vehicles (UAVs). UAVs are remotely controlled, uninhabited, reusable motorized aerial vehicles that can carry various types of payloads or cameras designed for specific purposes. Such platforms have the flexibility to choose appropriate data acquisition periods and data types (multispectral, hyperspectral, thermal, microwave, or light detection and ranging (LIDAR)). They can also adjust flying heights to obtain very high spatial resolution (over 1 cm ground resolution) while maintaining viewing angles and forward and side overlap ratios. The cost of these data acquisition methods is substantially lower than that of high-resolution satellite imagery. UAV-based remote sensing has the potential to bridge the gap between sparse and discontinuous field observations and continuous but coarse resolution space-borne remote sensing.
It is common practice to use vegetation indices derived from regular images or orthophotography images acquired from remote sensing platforms for forest monitoring. Donato Morresi [9] used different Landsat-derived spectral vegetation indices (SVIs), including normalized vegetation index (NDVI), normalized difference moisture index (NDMI), and normalized burn ratio (NBR) to track post-fire recovery occurring in burned forests of the central Apennines (Italy) at different development stages. Zhao [10] developed a set of continuous annual land cover mapping products at 30 m resolution using multi-temporal Landsat images. Vegetation index was proposed based on the mathematical operation of several spectral bands and it can provide a concise and straightforward way for ground cover segmentation. Cao [11] proposed using a spatio-temporal Savitzky-Golay filter to get better NDVI time-series data. Due to the limitations of the remote sensing platform and its mounted sensors, it is difficult make full use of the images.
Researchers are trying to explore the possibility of using digital shape model (DSM) information for some issues such as above-bottom biomass [12] , tree height quantification [13] [14] [15] , mapping pre-fire forest structure [16] , and mapping wetland inundation dynamics [17] . Of these issues tree height is the most important. At present, the generated DSM from LIDAR or photogrammetry is projected to ground to form height-relevant images for further analysis. Cen [18] transformed DSM point cloud of a rice field to Hcsm (height extracted from crop surface model) index and found a high correlation R 2 =0.89 with nitrogen treatment. However, the internal structure of DSM has not been further studied.
In this research, we tried to use the time-series point cloud of forests generated from UAV aerial photogrammetry to study how the canopy grows during spring. Forests are supposed to have great change during spring since trees turn green and branches extend. This leads to significant changes in canopy structure. For example the area of the green part area increases and the height and coverage also increases. This study could hardly be done using satellites or aircraft due to the short time interval and low altitude. Lower altitude can give higher ground resolution and more precise DSM while shorter interval (1-2 days) time-series DSM can further illustrate the trend of canopy changes.
Materials and Methods

Study Area and Remote Sensing
This research was performed in a forest with an area of 1.5 ha (150 × 100 m) on the campus of Zhejiang Sci-Tech University in Hangzhou, Zhejiang province, southeast China (30 • 32 N, 120 • 36 E) in April 2019. Since Hangzhou city is located in the subtropical zone, most of the vegetation is evergreen broad-leaved. It was therefore necessary to look for the area where the canopy of the vegetation changed significantly in spring. After comparison of several target areas in the campus, the study area was finally selected due to the obvious and significant growth trend of vegetation in spring.
The remote sensing was conducted between 2 April and 1 May 2019, using an unmanned aerial vehicle named Phantom produced by DJI China. This provided digital images with 4000 × 3000 pixels in jpg or tiff format. The UAV was remotely controlled by the Altizure (Version 3.9.1, Shenzhen, China) Forests 2019, 10, 1052 3 of 16 on an iPhone, following the waypoints planned in advance, and it captured images 55 m above the ground of the study area with a 5-second interval and overlap rate over 60%. The flight path was programmed to cover the whole study area, capturing images of vegetation from different angles which could be used for 3D point cloud reconstruction in the later data processing.
It was planned to conduct a 30-day period of remote sensing data acquisition of vegetation in the study area, in order to monitor the growth trend of vegetation in the study area over the 30 days. Due to the rapid and significant growth of vegetation in early April, more frequent data collection was carried out. The aerial remote sensing was conducted on cloudy days to avoid the influence of strong light on the images acquisition.
3D Point Cloud Reconstruction by SFM
The 3D point cloud was generated by the SfM (structure from motion) algorithm, which enables the generation of the 3D structure of objects from 2D images in different directions. 3D point cloud reconstruction of the study was automatically computed and completed in Agisoft Photoscan (Version 1.4.0, Petersburg, Russia), which provides an automatic and high-speed process of 3D point cloud generation for users [19] . Agisoft Photoscan requires an input of a series of RGB images of objects in different orientations, computed in steps including keypoints detection and matching, calculation of camera and keypoints 3D position and 3D point cloud reconstruction. The 3D point cloud generated by Photoscan contained RGB and XYZ (three-dimensional location) information which enabled us to extract green point of vegetation for the later data processing.
Agisoft Photoscan was installed in a DELL XPS15 personal laptop with Intel i5 8300H core and 8GB RAM. It required about 6 hours to generate the 3D point cloud from 200 digital images each day. Photoscan was run with a setting of "medium accuracy" which provided ideal precision with less time cost, compared to "high accuracy" which, according to the manufacturer's description, has better accuracy but requires a large amount of time. The workflow of this research is illustrated as Figure 1 . The remote sensing was conducted between 2 April and 1 May 2019, using an unmanned aerial vehicle named Phantom produced by DJI China. This provided digital images with 4000 × 3000 pixels in jpg or tiff format. The UAV was remotely controlled by the Altizure (Version 3.9.1, Shenzhen, China) on an iPhone, following the waypoints planned in advance, and it captured images 55 m above the ground of the study area with a 5-second interval and overlap rate over 60%. The flight path was programmed to cover the whole study area, capturing images of vegetation from different angles which could be used for 3D point cloud reconstruction in the later data processing.
Agisoft Photoscan was installed in a DELL XPS15 personal laptop with Intel i5 8300H core and 8GB RAM. It required about 6 hours to generate the 3D point cloud from 200 digital images each day. Photoscan was run with a setting of "medium accuracy" which provided ideal precision with less time cost, compared to "high accuracy" which, according to the manufacturer's description, has better accuracy but requires a large amount of time. The workflow of this research is illustrated as Figure 1 . Step 7, extract the PC using excess green (ExG) index, then fit noise points using statistical filter; Step 8, reconstruct the surface using Delaunay traigulation; Step 9, calculate the surface area of forest canopy; and Step 10, carry out the time series analysis.
Green Canopy Extraction
Once the 3D structure of the study area had been reconstructed, the green vegetation had to be discriminated from the background for the later canopy surface reconstruction. Since background objects such as roads, cars, and buildings, could be distinguished due to the different color information, the ExG (excess green) index was used to extract green points of vegetation from the whole 3D model. The ExG index was conducted from the color information (values in RGB respective channels) in each pixel as follows:
Taking zero as the threshold, the ExG index indicated that a point should be regarded as the green point if the index is above zero. The green points in the 3D model of the study area belong to plant class, including grass, forests, and shrubs. The extraction by ExG index was processed in Matlab (Version 2016, Natick, MA, USA) 2016, which took about 8 h for each 3D point cloud model due to the large number of points. The result of vegetation extraction by ExG index is illustrated in Figure 2 . 
Taking zero as the threshold, the ExG index indicated that a point should be regarded as the green point if the index is above zero. The green points in the 3D model of the study area belong to plant class, including grass, forests, and shrubs. The extraction by ExG index was processed in Matlab (Version 2016, Natick, MA, USA) 2016, which took about 8 h for each 3D point cloud model due to the large number of points. The result of vegetation extraction by ExG index is illustrated in Figure 2 . However, the green points extracted by ExG contain not only the canopy but also shrubs and grass, while growth and changes of the canopy can be regarded as an index which reflects the growth of vegetation. Considering the unification of experimental methods, we used CloudCompare to separate near-ground points of the same altitude. Cloudcompare is an open source project for 3D point cloud and mesh processing. It has been originally designed to perform comparison between two dense 3D points clouds (such as the ones acquired with a laser scanner) or between a point cloud and a triangular mesh. Afterwards, it has been extended to a more generic point cloud processing software, including many advanced algorithms (registration, resampling, color/normal/scalar fields handling, statistics computation, sensor management, interactive or automatic segmentation, display enhancement, etc.). The 3D point cloud model in which near-ground points had been separated is illustrated in Figure 3 . However, the green points extracted by ExG contain not only the canopy but also shrubs and grass, while growth and changes of the canopy can be regarded as an index which reflects the growth of vegetation. Considering the unification of experimental methods, we used CloudCompare to separate near-ground points of the same altitude. Cloudcompare is an open source project for 3D point cloud and mesh processing. It has been originally designed to perform comparison between two dense 3D points clouds (such as the ones acquired with a laser scanner) or between a point cloud and a triangular mesh. Afterwards, it has been extended to a more generic point cloud processing software, including many advanced algorithms (registration, resampling, color/normal/scalar fields handling, statistics computation, sensor management, interactive or automatic segmentation, display enhancement, etc.). The 3D point cloud model in which near-ground points had been separated is illustrated in Figure 3 . 
Surface Reconstruction and Measurements
In order to measure the area of green canopy, a surface reconstruction based on 3D point cloud is of necessary. The Delauney triangulation algorithm and Poisson reconstruction algorithm are the most commonly used methods of 3D surface reconstruction in recent years. However, better results of Poisson reconstruction algorithm had shown better results in the surface reconstruction of closed surfaces [20] , while the Delauney mesh generation algorithm was more suitable in this study. Details about greedy Delauney surface reconstruction method can be found in [21] .
The concept of Delaunay triangulation is to construct a set of triangulations in a set of discrete points in a plane so that the circumscribed circle of each triangle (excluding the boundary of the circumscribed circle) does not contain the fourth point in the plane. In the three-dimensional case, we constructed a tetrahedral partition, so that the outer contact of any tetrahedron did not contain the fifth point in the three-dimensional space. Since the Delaunay triangulation algorithm maximizes the minimum interior angle and improves the stability of numerical simulation, the Delauney triangulation algorithm has been regarded as the basis of mesh generation algorithms.
The 3D model after surface reconstruction by the Delauney triangulation algorithm is showed in Figure 4 . 
The 3D model after surface reconstruction by the Delauney triangulation algorithm is showed in Figure 4 . The mesh area measurement could be carried out in CloudCompare after surface mesh generation. Since the unit of area calculated in CloudCompare is square units, it needed a conversion of units as we needed the area data in square meters. One of the convenient ways of unit conversion is to measure the area of a specific object in the study area both in CloudCompare and in reality, then use the data to conduct a conversion factor between square units and square meters. The mesh area measurement could be carried out in CloudCompare after surface mesh generation. Since the unit of area calculated in CloudCompare is square units, it needed a conversion of units as we needed the area data in square meters. One of the convenient ways of unit conversion is to measure the area of a specific object in the study area both in CloudCompare and in reality, then use the data to conduct a conversion factor between square units and square meters.
Canopy Coverage Acquisition
Vegetation coverage acquisition is usually derived from orthophoto maps, however, it had been found difficult to derive ideal results in this study situation. As is illustrated in Figure 5a , the canopy of the forest in the center of the study area is surrounded by a green grass lawn. Nevertheless, it could be inferred that the colors of green lawn and canopy are too close to be separated in 2D images. While height information was available in the 3D point cloud, it was possible to obtain vegetation coverage area by separating canopy from near-ground grass lawn then projecting onto the XY plane. After projection to the 2D plane and surface reconstruction of the point cloud, the coverage area of the canopy could be acquired. The same process was carried out on the original 3D point cloud of the whole study area. The projection program was processed in Matlab 2016. The canopy coverage was calculated as follows:
The canopy coverage(%) = canopy coverage area in 2D the area of the study area (2) The canopy coverage(%) = canopy coverage area in 2D the area of the study area 
Noise Filtering
In the process of 3D point cloud data acquisition, due to the influence of hardware accuracy, environment, and electromagnetic wave diffraction of laser radar, the point cloud data acquired will inevitably contain noise. The noise points can be removed by filters in PCL (Point Cloud Library) such as SOR (statistical outlier removal) and radius outlier removal. The result is as the Figures 6 and  7 show.
The basic idea of the SOR filtering algorithm is to conduct a statistical analysis of each point in the point cloud and filter out the points that are not within the standard range. Meanwhile, the radius outlier removal algorithm filters out the points which are not surrounded by a sufficient number of adjacent points within a certain radius. However, as the filters may filter out some verifiable canopy 
In the process of 3D point cloud data acquisition, due to the influence of hardware accuracy, environment, and electromagnetic wave diffraction of laser radar, the point cloud data acquired will inevitably contain noise. The noise points can be removed by filters in PCL (Point Cloud Library) 
Results
Vegetation Growth Trend
The vegetation growth trend can be reflected directly both by canopy area and canopy coverage. In this study, we planned to determine the trend and law of vegetation growth in spring by comparison of vegetation growth in the whole study area, in specific areas and the growth of the individual plants. The logistic function or logistic curve was first proposed by Pierre François Verhulst when he intended to study the law of population growth. The function illustrates a biological growth trend that is roughly exponential initially and then slows down until the increase stops at maturity. The function was later used in the study of biology and economic issues, and in regression analysis in math. The logistic function in regression analysis is as follows while the parameters (A1, A2, x0 and p) needs to be found out in fitting:
Growth Trend of Vegetation in the Whole Study Area
The remote sensing of the study started on 2 April 2019 and ended on 1 May 2019, and lasted for 30 days. The changes in canopy area and weather are illustrated in Table 1 . As is shown in the table, the canopy area on 14 April and 17 April which were affected by strong sunlight were even less than on 12 April. It is reasonable that these two data should not be included in the statistics due to the error which cannot be ignored. For the remaining data, the logistics function was used for regression analysis, and the results are shown in Figure 8 and Table 2 . It can be seen that the growth trend conforms well to the logistic function with an R-square of 0.983. The basic idea of the SOR filtering algorithm is to conduct a statistical analysis of each point in the point cloud and filter out the points that are not within the standard range. Meanwhile, the radius outlier removal algorithm filters out the points which are not surrounded by a sufficient number of adjacent points within a certain radius. However, as the filters may filter out some verifiable canopy points, they should be used in a proper way.
Results
Vegetation Growth Trend
Growth Trend of Vegetation in the Whole Study Area
The remote sensing of the study started on 2 April 2019 and ended on 1 May 2019, and lasted for 30 days. The changes in canopy area and weather are illustrated in Table 1 . As is shown in the table, the canopy area on 14 April and 17 April which were affected by strong sunlight were even less than on 12 April. It is reasonable that these two data should not be included in the statistics due to the error which cannot be ignored. For the remaining data, the logistics function was used for regression analysis, and the results are shown in Figure 8 and Table 2 . It can be seen that the growth trend conforms well to the logistic function with an R-square of 0.983. 
Growth Trend of a Specific Area
An area of sakura trees in the southeast corner of the study area was selected to study the growth trend of a specific area. The growth of the trees in this area can be seen visually in Figure 9 . It can be seen in Figure 10 and Table 3 that the area of canopy increased sharply in the early days in April and slowed down later which conformed ideally to logistic regression. After taking the data into regression, we found that the growth fitted well with logistic function with an R-square of 0.976. The summary of logistic regression is shown in Table 4 . 
An area of sakura trees in the southeast corner of the study area was selected to study the growth trend of a specific area. The growth of the trees in this area can be seen visually in Figure 9 . It can be seen in Figure 10 and Table 3 that the area of canopy increased sharply in the early days in April and slowed down later which conformed ideally to logistic regression. After taking the data into regression, we found that the growth fitted well with logistic function with an R-square of 0.976. The summary of logistic regression is shown in Table 4 . The single plant that we selected was located in the northwest corner of the study area. As is shown in Figure 11 and Table 5 , this plant still remained bare without a canopy in 2 April but began to grow in the latter days. The results of the logistic fitting are illustrated in Figure 12 and Table 6 . However, the results of the canopy area on 14 April and 17 April were less than the actual results due to the influence of sunlight, so these two data have not been included in the final statistical analysis. 
Vegetation Coverage Changes
The three indices, including canopy area, area of coverage and canopy coverage are shown in Table 7 . It can be inferred that the results in the three sunny days are obviously less than the actual value. As is shown in Figure 13 , the results of the validation assessment comparing canopy coverage and canopy area fit ideally to linear function with an R-square of 0.9697. 
The three indices, including canopy area, area of coverage and canopy coverage are shown in Table 7 . It can be inferred that the results in the three sunny days are obviously less than the actual value. As is shown in Figure 13 , the results of the validation assessment comparing canopy coverage and canopy area fit ideally to linear function with an R-square of 0.9697. 13 . Results of the validation assessment comparing canopy coverage and canopy area.
Discussion
The forest point cloud was analyzed at three levels: general level, group level and individual level. Among the three levels, the general level had lower fitting accuracy (R 2 = 0.8517) compared to selected group level (R 2 = 0.9652), and individual plant level (R 2 = 0.9606). This may be because the forest has different species of trees. The growth curves among them maybe quite different. For example, the camphor is a perennial woody plant and its canopy changes little during spring. However, ginkgo tree is a deciduous tree and its canopy changes a lot during spring. Meanwhile, ornamental trees first blossom, and then the green canopy starts to grow after the flowers fall. The flower would not have been classified as canopy in this research because we used the ExG index to split out the canopy. This can explain why canopy area dropped on 14 April and 17 April. However, the selected group and the individual tree had the same growth curve so the fitting accuracy was high.
As is known, the light intensity of remote sensing aerial photography is an influential factor that 
As is known, the light intensity of remote sensing aerial photography is an influential factor that should not be ignored. In this study, light conditions were also an important factor which may have caused a certain amount of error. On the one hand, the key-points detection and matching in the shadow region would have been affected, resulting in a failure in the ideal 3D reconstruction of points in shadow. On the other hand, since the point cloud of the reconstructed vegetation in the shadow is darker in color, the points would have been mistaken for non-green points and removed in the process of green points extraction by the ExG index. In order to avoid experimental errors caused by strong light, on the one hand, aerial remote sensing should be carried out on cloudy days if possible. Preprocessing of images is necessary to reduce the influence of light. The authors believe that the tree shadow caused the problem. This problem could be solved by identifying the shadow area and making the necessary reflectance compensation. A few studies about shadow classification [22, 23] examined shadows' reflective features during image segmentation and extracted shadows according to the statistical features of the images. A properly set threshold was used to detect the shadows. Methods to remove shadows in UAV-based mosaicked DSM remote sensing data are still inadequate. Firstly, shadows cannot be removed in single pictures because this will cause errors in camera orientation calculation and can prevent 3D reconstruction. Secondly, there is a lack of accurate automatic object classification methods for 3D point cloud or the meshed model. Despite the successful application of machine learning in 2D images, machine learning methods are not effective for 3D images. This is because they are based on feature extraction from 2D images, but at present, feature extraction from 3D point cloud or meshed model data has still to be developed. Thirdly, tree shadows are supposed to be complex because the light in a forest can be scattered and diffracted. This will make it hard to precisely identify shadow areas. In summary, the influence of shadow in near-ground remote sensing is much larger than in satellite-based remote sensing.
The logistic S-curve application model is based on firmly proven laws of nature [24] [25] [26] [27] . The S-curve model represents the growth or decline of every system in interaction with its environment (its limited resources). Thus, quantitative study of system transformation in combination with a qualitative approach contributes effectively to the reliability of long-term forecasting. Through this fitting process, we can see different group of forests have different growth curves.
Finally, we compared the area of canopy and area of coverage. Area of coverage has always been used to monitor the ground cover time-series change as the remote sensing data source has been limited to satellite. With the advent of UAV, we had the chance to explore the changes in canopy 3D structure during the spring. Through this comparison, we found that the area of canopy and the area of coverage had a very strong correlation.
Conclusions
In spring forests experience rapid change as the ornamental trees sprout and pass from blossoming to growing leaves. We tried use UAV to acquire time-series forest images at low altitude, high ground resolution, and short time intervals. High precision point clouds were generated from the acquired images using aerial photogrammetry. Structure from motion methods proved to an effective method of near-ground remote sensing image mosaicking and processing. Vegetation index was used to extract the green canopy. The greedy projection triangulation method was used to transform points to mesh and area was then calculated. Forest canopy growth was analyzed at three levels: forest level, selected group level, and individual tree level. Logistic curve was used to fit the time series canopy growth. Strong correlation was found: R 2 = 0.8517 at forest level, R 2 = 0.9652 at selected group level and R 2 = 0.9606 at individual tree level. Moreover, high correlation was found between canopies. By observing these results, we can conclude that the ground 3D model can act as a useful data type as orthophotography to monitor forest growth. Moreover, the UAV aerial remote sensing has advantages in monitoring forest in periods when the ground vegetation is growing and changing fast. 
